. In this study, we have investigated the role of Rap2 in activity-dependent synIntroduction aptic plasticity. Using several mutants that permit dissection of the role of Rap2 signaling, we identified a The sustained interest in synaptic plasticity stems from functional Rap2 signaling pathway in hippocampal CA1 the belief that synaptic plasticity underlies key aspects neurons. Rap2-JNK signaling pathway receives its inof cognitive function such as neural development, puts from synaptic and NMDA-R activity: synaptic acadaptation, and learning and memory. In current modtivity and activation of NR2A-containing NMDA-Rs actiels, brief periods of repetitive synaptic activity lead to vate Rap2, which stimulates JNK activity. Rap2-JNK signaling pathway sends its outputs to AMPA-Rs:
Rap2(wt)-GFP on AMPA synaptic transmission ( Figure  2B ), indicating that Rap2-mediated effects required Results synaptic activity and activation of NMDA-Rs. As a control, we found that the depression of Rap2(ca)-GFP on NR2A-Containing NMDA-R-Stimulated Rap2 Activity
AMPA-R-mediated transmission was not blocked by Depresses Transmission
high Mg 2+ ( Figure 3E ). To confirm that activation of To determine if Rap2 is present in hippocampal tissue, NMDA-Rs stimulates Rap2 activity, we measured diwe prepared extracts from whole hippocampus and rectly the active form of Rap2 (or GTP bound Rap2) by a also a microdissected CA1 region of hippocampus.
GST pull-down assay. Application of NMDA to cultured Western blots on these extracts show bands correhippocampal neurons caused a transient increase in sponding to Rap2 indicating that these proteins are Rap2-GTP levels that returned to baseline within w15-present in hippocampal CA1 cells ( Figure 1A ; see also 30 min ( Figure 2C ). To further confirm that spontaneous Husi et al., 2000) . To examine possible postsynapsynaptic activity activates Rap2, we measured the tic functions of these molecules, we acutely overexlevels of Rap2-GTP in slices cultured in media containpressed wild-type Rap2 or their mutants in hippocaming either high Mg 2+ or APV. Both high Mg 2+ and APV pal CA1 pyramidal neurons. These constructs were reduced the active form of Rap2-GTP in CA1 cells (Figtagged with GFP, allowing unambiguous identification ure 2D). Collectively, these results indicate that spontaof expressing cells. Approximately 14 hr after infection, neous synaptic activity activates NMDA-Rs that in turn the expression level of Rap2-GFP ranged from two to activate Rap2, producing a tonic depression of transeight times the endogenous Rap2 level ( Figure 1A) Figures 2E and 2F) . These results indicate that stimulation of Rap2 signaling requires activation of NR2A-containing NMDA-Rs, but not NR2B-containing NMDA-Rs. As controls, we also examined effects of these two NMDA-R blockers on Rap1 and Ras activities, which mediate LTD and LTP, respectively (Zhu et al., 2002) . We found that Ro25-6981, but not NVP-AAM077, blocked the Rap1(dn)-GFP-stimulated potentiation, whereas NVP-AAM077, but not Ro25-6981, blocked the Ras(dn)-GFP-stimulated synaptic depression ( Figures 2E and 2F) . These results indicate that stimulation of Rap1 signaling requires activation of NR2B-containing NMDA-Rs, whereas stimulation of Figures 5A-5C ). These results indicate that blocking pressive effect of Rap2 requires JNK but not p38 MAPK, we speculated that Rap2-JNK signaling conRap2 activity blocks depotentiation. In Rap2(ca)-GFPexpressing neurons, basal synaptic responses were trols depotentiation. To test this idea, we studied pairing-induced depotentiation after first applying a LTPinitially smaller compared to nearby control nonexpressing neurons (see also Figure 1C ), suggesting an inducing pairing protocol in neurons expressing either Rap2(dn)-GFP (to block endogenous Rap2 activity) or enhancement of Rap2 activity. LTP stimuli produced a brief potentiation, but no sustained LTP and no depoRap2(ca)-GFP (to occlude Rap2 activity). As with a previous report (Lee et al., 2000) , we found that the pairing tentiation were observed in these neurons (Figures 5D-5F ). Meanwhile, nearby nonexpressing neurons showed pathway-specific LTP and depotentiation ( Figures 5D-5F ). These results suggest that constitutively active Rap2 continuously depotentiates synaptic transmission, which prevents induction of LTP and occludes further depotentiation. Together, these results indicate that Rap2 activity controls depotentiation. To test whether Rap2 controls depotentiation via JNK, we incubated slices in the bath solution containing SP600125, an inhibitor of JNK, before (for at least 1 hr) and during depotentiation experiments. We found that SP600125 blocked depotentiation in CA1 neurons (Figures 5G and 5H ). In addition, as with Rap2(dn)-GFP, expressing TNIK(dn)-GFP also blocked depotentiation. Collectively, these results suggest that Rap2 controls depotentiation via TNIK-JNK signaling. Previous studies have demonstrated that pep2m/ G10 selectively blocks GluR2/3 from cycling back to been identified: first, activity-dependent synaptic deliv-( Figure 7C ). These results together suggest that Rap2-ery of GluR1-, GluR2L-, and GluR4-containing AMPA-JNK signaling dephosphorylates AMPA-Rs with long Rs; second, activity-independent synaptic exchange of cytoplasmic termini.
Rap2 Removes Synaptic
GluR1-, GluR2L-, or GluR4-containing AMPA-Rs with GluR2/3 AMPA-Rs; third, activity-independent synaptic cycling of GluR2/3 AMPA-Rs; and fourth, activityDiscussion dependent synaptic removal of GluR2/3 AMPA-Rs. We have recently shown that Ras and Rap1 signaling pathIn this study, we provide evidence that Rap2 activity ways control activity-dependent synaptic AMPA-R destimulates JNK signaling in hippocampal cells. More livery and removal, respectively (Zhu et al., 2002) . importantly, our results indicate that Rap2-JNK constiWhether activity-independent synaptic AMPA-R extutes a functional signaling pathway that regulates exchange and synaptic AMPA-R cycling are regulated recitatory synapses. This pathway receives inputs from mains unclear. What is missing from this trafficking NR2A-containing NMDA-Rs during synaptic activation picture is synaptic removal of AMPA-Rs with long cytoand sends outputs that result in synaptic removal of plasmic termini (e.g., GluR1-and GluR2L-containing AMPA-Rs with long cytoplasmic termini during synaptic depotentiation (Figure 8) .
AMPA-Rs); the obvious questions are how AMPA-Rs functional roles of TNIK/MINK2 and phosphatase 2B in Rap2-JNK signaling pathway should address whether TNIK and MINK2 relay the signaling from Rap2 to JNK during synaptic depression and whether phosphatase 2B responds to Rap2-JNK signaling and dephosphorylates AMAP-Rs during depotentiation. We reveal in this study that Rap2 removes synaptic AMPA-Rs with long cytoplasmic termini during depotentiation (Figure 8) . In particular, Rap2-JNK signaling stimulates synaptic removal of GluR2L-and GluR1-containing AMPA-Rs and dephosphorylation of GluR2L at S841 and GluR1 at S831 and S845. These results are largely congruent with previous findings that dephosphorylation of AMPA-Rs with long cytoplasmic termini correlates with synaptic depression (Song and Huganir, 2002) . We noted that one of our observations is at odds with a previous study, which reported that depotentiation was accompanied by dephosphorylation of GluR1 
